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be treated by vitrectomy. MH surgery was first described in 1991 by Kelly and Wendel [1] . Since the advent of microincision vitrectomy, MH surgery has been performed with minimal invasiveness, and significant visual improvement is a common outcome [2] .
Visual field defect (VFD) has been a well-recognized complication of pars plana vitrectomy for MH since it was first documented in 1995 by Melberg and Thomas [3] . Since then, many studies have been conducted on this complication and its mechanism. MH surgery can cause either peripheral or central visual field defect (cVFD) in patients. Although the incidence of peripheral VFD after MH surgery has been reduced by developments in surgical techniques and a series of research studies on the underlying pathogenesis of this condition [4] , there have been no specific research studies focussing upon cVFD after MH surgery.
As a predictor of functional outcome for doctors, Garweg et al [5] stated that the central visual field might represent a more sensitive indicator than visual acuity (VA) and reading vision. For MH patients, cVFD can cause profound effects upon health-related quality of life, both in terms of professional and personal activities. For example, Desapriya reported that cVFD is potentially harmful to drivers with even a mild condition [6] . Apart from driving, cVFD can impair a person's perception of their surroundings and also their participation in hobbies such as reading and sports [7] . Over recent years, cVFD has been extensively investigated in relation to glaucoma, optic disc drusen, retinitis pigmentosa and even occipital lobe lesions [8] [9] [10] [11] . However, the precise pathogenesis of cVFD after MH surgery still remains unclear [8] [9] [10] [11] .
In the present study, we investigated 18 full-thickness patients, with or without cVFD, after MH surgery and considered the possible causes.
SuBJECtS And mEthodS
Ethical Approval This study was approved by the institutional review board of Tianjin Medical University General Hospital and was performed according to the tenets of the 1989 Declaration of Helsinki. Informed consents were obtained from all participants. Patients A total of 47 eyes from 47 consecutive patients undergoing surgery for MH between January 2016 and January 2018 were prospectively evaluated. After follow-up at policlinic, only 18 eyes from 18 full-thickness patients in which MH had been closed after surgery were selected for inclusion in this study. Exclusion criteria were as follows. First, patients with a final VA less than 0.1 were excluded due to the reliability and reproducibility of perimetry results. Second, patients with a follow-up period of less than six months were excluded in order to achieve relatively stable visual performance. Third, after perimetry, patients whose reliability factor value was over 15 were excluded to increase the reliability of our data. Fourth, after optical coherence tomography (OCT) measurements, patients whose OCT image quality score was less than two were excluded. Fifth, patients with post-traumatic holes, optic and visual pathway diseases, glaucoma, vascular occlusion, diabetic retinopathy or retinal detachments were also excluded. We believed that these underlying pathologies would contribute to VFD that would make the interpretation of our results more difficult [12] . Sixth, lamella macular hole (LMH) cases were excluded. Although the presence of preoperative ellipsoid zone disruption could predict poor outcome after LMH surgery [13] , the sizes of preoperative and postoperative ellipsoid zone disruption in the eyes of patients with LMH in our study were all zero. This disruption condition does not represent the real disease entity in LMH. Stage I MH sometimes shows spontaneous closure during physiological posterior vitreous detachment. Hence, such patients can be followed-up by close observation unless distortion or visual impairment is too severe for patients to tolerate. Stage II, or higher full-thickness MH, are good indications for surgical intervention [1] . Prior to surgery, each MH was graded using the classification proposed by Gass [14] .
Surgical Procedures
Operations were performed by a single surgeon (Yan H) using the following protocol. In brief, a standard 23-gauge 3-port pars plana vitrectomy was performed. Following core vitrectomy, triamcinolone acetonide was injected into the vitreous and the posterior vitreous cortex was removed. The posterior vitreous was then separated from the retina at the optic disc by inhalation if it was still attached; we did use dissection. The internal limiting membrane was then stained by indocyanine green (ICG). For these patients, ICG solution was constituted by dissolving 25 mg ICG in 3.0 mL of sterile water; 0.1 mL of the ICG solution was then injected directly over the posterior pole using a 27-gauge blunt needle. After 90s, the ICG solution was removed by inhalation with a vitreous cutter. Internal limiting membrane was then grasped and peeled off circularly for 1.5 to 2 disc diameters using a microvitreoretinal blade and Tano forceps (Synergetics, St. Charles, MO, USA). A flute needle was then used to clear away dye from other parts of the stained retina. Air-fluid exchange was then carried out under an air pressure of 35-40 mm Hg over 1-2min, followed by an exchange with sterile normal air. The patients were instructed to maintain a facedown position for three days. measurements Static perimetry postoperative and OCT were performed preoperatively and postoperatively in all patients. Square root of loss variance (sLV) and mean defect (MD) were used to evaluate cVFD. Macular hole minimum diameter (MHMD) and macular hole base diameter (MHBD) were used to evaluate MH size. The primary outcome measurements were sLV and MD using the OCTOPUS M standard white/white/top program with 1° spacing in the fovea (central 4°; OCTOPUS 900, SN 3425), along with MH size and postoperative ellipsoid zone disruption of the macular cube 512×128 (SD-OCT, CIRRUS 4000, Carl Zeiss Meditec, Germany). MHMD and MHBD, as well as the extent of ellipsoid zone disruption, were determined as a mean of the sizes measured from the horizontal and vertical cuts. Data from the postoperative perimetry and OCT were collected at the 6mo follow-up time point. One technician assessed the performance of measurements in order to prevent errors and maintain reproducibility. Standard postoperative examinations were also performed. Statistical Analysis Data are presented as means±standard error of the mean. Correlations between VFD and other parameters, including MH stage and MH size, as well as postoperative ellipsoid zone disruption, were estimated by Spearman's ranked correlation and linear regression. Comparisons of VFD parameters or postoperative ellipsoid zone disruption among different MH stages were performed using the Kruskal-Wallis test. Dunn's test was used to compare VFD parameters, or postoperative ellipsoid zone disruption, between the different levels of each MH stage. Data were analyzed with the Statistical Package for Social Science (version 21.0; SPSS, Chicago, USA). P values <0.05 were considered to be statistically significant. RESultS A total of 18 patients (18 eyes; nine right eyes and 9 left eyes) were involved in this study: ten females and 8 males. The mean age was 68.17±5.90y. For each patient, the followup appointment took place 6mo after surgery. Ten of these patients had systemic disease; the remainder did not. There were 3 stage II, 7 stage III, and 8 stage IV full-thickness MHs in this retrospective study. Basic patient data is given in Table 1 . Typical cases of perimetry and OCT are shown in Figure 1 . (Table 2) . dISCuSSIon VFD is a common complication after MH surgery. However, with advancements in research, and the evolution of treatment strategies, the incidence of VFD has been decreasing; however, this condition still remains problems and the pathogenesis of this condition is still debated. cVFD causes an impact on the vast majority of daily life activities, so it is essential that we understand the pathogenic mechanisms involved in this condition. This retrospective study was designed to investigate the possible causes of cVFD after MH surgery.
Characteristics of central visual field defect
MD and sLV were selected as qualitative parameters with which to analyze the perimetry. MD represents the arithmetic mean of the sensitivity loss and the mean measure of how depressed a patient's VF is. MD takes all local defects into account, including even small effects. sLV represents the standard deviation of the individual defects at all visual field locations and provides a measure of variability across the entire visual field. This index is sensitive to irregularity and is an indicator of localized damage [15] [16] . Gonzalez et al [17] also reported that sLV in the initial stages of glaucoma appears to be a better predictor of progression from ocular hypertension to glaucoma than MD. In the present study, we found that sLV was a better index for evaluating cVFD after MH surgery than MD. Prior to MH surgery, MH stage could represent an index of primary damage with which to evaluate the morbidity of cVFD. In the present study, we found that sLV had a strong correlation with MH stage (P<0.01) and there were statistical differences of sLV among different MH stages (P<0.05). After comparing sLV between any two levels of MH stage, we found that sLV was significantly different between stage III and IV full-thickness MH (P<0.05). We can also conclude that cVFD after MH surgery was related to MH stage, although our small sample size limits the rigor of this conclusion. Furthermore, as MH stage increased, so did the sLV. Insufficient evidence prevented us from reaching a conclusion for MD. MHMD and MHBD were selected to represent MH size in the present study because they could represent prognostic factors before surgery for postoperative visual outcome and the anatomical success rate of MH surgery [18] . In addition,
Grigoropoulos et al [19] have previously confirmed that reorganization of the photoreceptor layer was related to MHMD and MHBD [20] [21] . Although MH size is of significant importance in the recovery of MH patients, neither MHMD nor MHBD showed a relationship with sLV or MD in the present study; we believe that this due to our small sample size. The inner and outer segments of photoreceptors are widely accepted as being an essential factor for improvement in VA [22] . Inoue et al [23] found that the postoperative ellipsoid zone junction plays a vital role in visual recovery after MH surgery. Chen et al [24] also found that patients in whom the structure of ellipsoid zone junction was in good condition tended to have a better visual prognosis. Christensen et al [25] further reported that discontinuity of the ellipsoid zone junction with a diameter over 1500 µm 3mo after surgery was associated with poorer VA than less extensive discontinuity. Based on such data, postoperative ellipsoid zone disruption was chosen to conduct correlation analysis with cVFD as the main form of postoperative evaluation in the present study. We found that sLV and MD had a strong relationship with postoperative ellipsoid zone disruption (P<0.01, P<0.01, respectively) and exhibited a statistically significant relationship with postoperative ellipsoid zone disruption (R 2 =0.726, P<0.01; R 2 =0.483, P<0.01, respectively). Thus, we can conclude that cVFD after MH surgery was related to postoperative ellipsoid zone disruption, and that patients with less postoperative ellipsoid zone disruption tended to have reduced levels of sLV or MD. Different types of elements influence postoperative ellipsoid zone disruption. One of the major factors in this disruption is the regeneration of photoreceptors after damage. In a previous study, Horton et al [26] reported that damaged cones are capable, under some circumstances, of generating new outer segments. Moreover, Horton et al [26] reported that peripheral VFD recovered due to the regeneration of cones. Although one patient in this previous study had cVFD after 1y follow-up, it was not possible to conclude that the cones in the macular of this patient did not have sufficient ability to regenerate or restore cVFD. The regeneration of photoreceptors depends upon an appropriate photoreceptor microenvironment. In a previous study, Fraser et al [27] reported that the microenvironment formed by the remaining retinal cells might be influential in determining the identity of regenerating photoreceptors following the death of cones. The photoreceptor microenvironment includes many types of cells and their cytokines. Developing a better microenvironment around damaged photoreceptors creates more physiological conditions. This environment could be influenced by the degree and period of damage, the size of the MH and whether there was a pseudo-operculum, preoperatively. A previous study of stage I impending MH patients found that restoration of the foveal photoreceptor layer was more likely to occur in eyes with a foveal pseudocyst and a smaller aperture size [21] . In our study, we found a significant relationship between postoperative ellipsoid zone disruption and MH stage (r=0.470, P<0.05), and that postoperative ellipsoid zone disruption among different MH stages showed statistically significance differences (P<0.05).
We also found significant differences in postoperative ellipsoid zone disruption between stage III and IV full-thickness MH (P<0.05) which could confirm this hypothesis. Taking this data into consideration, we believe that MH stage could influence postoperative ellipsoid zone disruption by their effects upon the photoreceptor regeneration microenvironment, which represents a significant factor for the regeneration of photoreceptors.
In conclusion, we found that cVFD after MH surgery was related to MH stage and postoperative ellipsoid zone disruption. MH stage influenced photoreceptor regeneration by directly influence its microenviroment which further affected postoperative ellipsoid zone disruption This study had several limitations which need to be considered. First, this was a retrospective study. Only patients with a VA >0.1 were involved. Patients with a VA<0.1 may have shown improvement of the VFD. Second, with only 18 cases, our sample size was too limited to generate firm conclusions. Third, the sample size of LMH patients with integrity and absence of the ellipsoid zone liner should be increased in future studies in order to generate a more rigorous conclusion. Further studies are now needed to investigate how cVFD recovery changes and how postoperative ellipsoid zone disruption recovers over time.
